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Fertilization in Drosophila melanogaster:
Centrosome Inheritance and Organization
of the First Mitotic Spindle
Giuliano Callaini and Maria Giovanna Riparbelli
Department of Evolutionary Biology, University of Siena, 53100 Siena, Italy
Microtubule, chromatin, centrosome, and nuclear envelope con®gurations during the ®rst division of the Drosophila
melanogaster zygote were analyzed in order to investigate the organization of the ®rst cleavage spindle and the origin of
the functional centrosome. After pronuclear apposition the parental complements congress at the equatorial plane of the
metaphase spindle. The chromatids, however, seem to move to the poles in two separate groups in each half spindle,
mingling together during telophase, before the formation of the daughter nuclei. The spatial separation of parental comple-
ments during the ®rst mitosis is also supported by the behavior of the nuclear envelope of female and male pronuclei. A
low frequency of polyspermy is also observed during fertilization in D. melanogaster. q 1996 Academic Press, Inc.
INTRODUCTION reproducing centrosome that drives the ®rst mitotic divi-
sion is thought to be provided by the sperm at fertilization
(Sonnenblick, 1950; Glover, 1992). However, there is yet noThe early mitotic divisions that lead to the formation
direct cytological evidence of paternal inheritance of theof the blastoderm have been examined in the Drosophila
centrosome in this organism, and the precise nature of theembryo (Zalokar and Erk, 1976; Foe and Alberts, 1983) and
egg and sperm contribution to the constitution of a fullyseveral mutations affecting this process have been reported
competent centrosome requires detailed examination. To(for review see: Glover, 1989; Gatti and Baker, 1989; Wil-
address these questions, we analyzed the process of fertiliza-liams and Goldberg, 1994). These studies agree that the
tion in D. melanogaster and we examined the distributionDrosophila embryo is a useful model for dissecting the mi-
of microtubules, centrosomes, and the behavior of the hap-totic progression and its regulatory checkpoints. However,
loid complements and their nuclear envelopes after spermdespite increasing interest in early Drosophila develop-
entry into the egg through the ®rst cleavage.ment, little is known about the fertilization events that
drive the union of the female and male pronuclei and that
lead to the formation of the ®rst mitotic spindle. Although
light microscope analysis has been carried out on histologi-
MATERIALS AND METHODScal sections to follow the early events of fertilization in
Drosophila, at least two major points deserve careful reex-
amination. First, it is accepted that male and female com- Reagents
plements remain in two separate groups (gonomery), min-
gling only when they enter telophase of the ®rst cleavage Microtubules were detected with a monoclonal antibody against
a-tubulin (Amersham, Buckinghamshire, UK). Centrosomal mate-(Huettner, 1924; Sonnenblick, 1950). Previous investiga-
rial was detected with Rb188 antibody (Whit®eld et al., 1988) spe-tions of Drosophila fertilization were limited by their use
ci®c for the CP190 antigen associated with the centrosome of Dro-of conventional staining techniques, which allowed a clear
sophila embryos (Frasch et al., 1986; Kellogg and Alberts, 1992;visualization of chromosomal material but not of other cel-
Glover et al., 1995; Whit®eld et al., 1995). The nuclear envelopelular structures, such as the spindle microtubules or the
was identi®ed with a monoclonal antibody raised against human
nuclear envelope. We decided, therefore, to reapproach this ®broblast vimentin (Biocine, Siena). Secondary antibodies were ei-
question to search con®rmation and additional information ther goat anti-mouse- or goat anti-rabbit-conjugated IgG (Cappel,
to the unusual behavior of the parental complements in West Chester, PA) coupled to ¯uorescein or rhodamine. Nuclei
Drosophila melanogaster. Second, in Drosophila as in most were visualized with the speci®c dye Hoechst 33258. Bovine serum
albumin (BSA) was obtained from Sigma (St. Louis, MO).organisms (for review, see Schatten, 1994), the functional
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Collection of Oocytes
D. melanogaster (Oregon-R) ¯ies were raised in groups of 50
males and 25 females on standard cornmeal, agar, and yeast me-
dium in 200-ml plastic containers. Eggs from 4- to 5-day-old ¯ies
were collected at 247C on small agar plates ®ve times for 20 min
each. After discarding the ®rst eggs, fertilized eggs were again col-
lected ®ve times for 15 min and ®ve times for 20 min. Three sets
of collections were performed, at both intervals, from two groups
of rapidly laying females and we obtained 1419 oocytes, 1094 of
which were analyzed for microtubules, DNA, and centrosomes and
325 for DNA and nuclear envelope; 148 of the oocytes had gone
beyond the ®rst cleavage division to later stages of development
(the developmental stages scored were listed in Table 1). Oocytes
were dechorionated in a 50% bleach solution, washed with distilled
water, ®xed, and the vitelline envelope was removed as described
by Warn and Warn (1986), except for a ®nal ®xation with acetone
at 0207C for 5 min. Counting the time needed to remove the
chorion, the oocytes developed for a further 10 min before ®xation.
Fluorescence Microscopy
After ®xation, the oocytes were washed three times in phos-
phate-buffered saline (PBS) and incubated for 30 min in PBS con-
taining 0.1% BSA. The oocytes were then incubated at room
temperature with Rb188 antibody (dilution 1:400 in PBS/BSA).
After 4±5 hr, or after overnight incubation at 47C, an antibody
against a-tubulin (dilution 1:400 in PBS/BSA) was added for 1 hr.
The oocytes were then rinsed three times for 10 min each in PBS/
BSA and incubated for 1 hr in a mixture of secondary antibodies
(dilution 1:600 in PBS/BSA). To detect the nuclear envelope, the
oocytes were incubated overnight at 47C in anti-human ®bro-
blast vimentin (dilution 1:100 in PBS±BSA). After rinsing in PBS
the nuclei were stained by incubating the oocytes with 1 mg/ml
Hoechst 33258 for 3±4 min. The oocytes were rinsed again in
PBS and mounted on glass microscope slides in 90% glycerol
containing 2.5% n-propyl gallate (Giloh and Sedat, 1982). Fluo-
rescence observations were carried out with a Leitz Aristoplan
microscope equipped with ¯uorescein, rhodamine, and UV ®l-
ters. Photomicrographs were taken with Kodak Tri-X 400 pro
and developed in Kodak HC110 developer for 7 min at 207C.
RESULTS
Organization of the First Mitotic Spindle
Female meiosis in D. melanogaster ends with the forma-
tion of four haploid chromosome complements disposed at
the poles of two spindles aligned in tandem and orientated
radially to the oocyte surface (Figs. 1a and 1b). The inner-
most haploid complement moves toward the center of the
oocyte and gives rise to the female pronucleus; the other
complements are found at the egg surface, where they form
the polar bodies (Riparbelli and Callaini, 1996). During the
second meiotic division the spindles were separated from
each other by a monaster of microtubules (Figs. 1a and 1b)
and a monastral array of radial microtubules was also seen
in proximity to the sperm head that was in a cytoplasmic
domain facing the presumptive female pronucleus (Figs. 1a
and 1b). The sperm aster was small until anaphase II (Fig.
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1a) and increased dramatically during telophase II (Fig. 1b).
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FIG. 1. Immuno¯uorescence detection of microtubules (MTs), centrosomes (CEN), and DNA during female meiosis (a, b, c) or shortly
after its completion (d) in Drosophila melanogaster. During anaphase (a) and telophase (b) of the second meiotic division two asters are
observed in the fertilized oocyte. The peripheral aster (arrow) is found between the two tandemly aligned spindles that formed the female
meiotic apparatus. These spindles hold the female haploid complements, the innermost of which is the presumptive female pronucleus
(f). The more centrally located aster (arrowhead) is associated with the presumptive male pronucleus (m). This aster is small until anaphase
II (a) and becomes prominent at the end of telophase II (b). Before the completion of meiosis (c) the monastral array of microtubules
associated with the sperm head organizes by a centrosome pair. After completion of meiosis (d) the pronuclei approach and the microtubules
of the sperm aster originate from two distinct foci. Arrows in (c, d) point the centrosomal material associated with the male pronucleus.
Bar, 15 mm in a, b and 10 mm in c, d.
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8211 / 6x0d$$8211 05-08-96 11:48:29 dbal AP: Dev Bio
202 Callaini and Riparbelli
Before the end of telophase II the Rb188 antibody revealed separated centrosomes (Fig. 3e). Most of the telophase spin-
dles examined with anti-tubulin and Rb188 antibodies hadtwo small dots at the center of the sperm aster (Fig. 1c).
This aster no longer originated from a single center, but centrosome pairs usually orientated at right angles to the
spindle axis (not shown). Forty-seven of the 174 telophasetwo discrete foci for radial microtubules were detected
shortly after completion of meiosis and one small dot of spindles scored had a pole with a normally orientated
centrosome pair and a pole with the centrosome pair alignedcentrosomal material was found inside each aster (Fig. 1d).
As paternal and maternal chromatin decondensed, the form- with the spindle axis (Fig. 3e). The chromosomes decon-
densed and two zygotic nuclei were formed (Fig. 3e).ing male and female pronuclei increased in size, the female
pronucleus becoming the larger of the two, and the distance
between the pronuclei gradually decreased until they were Nuclear Envelope Behavior of the Parental
juxtapposed in the center of the egg (Figs. 1d and 2a). Before Pronuclei
the pronuclei met, a well-developed radial array of microtu-
To follow nuclear envelope dynamics we used an antibody
bules was seen to originate from two organizing centers
that was previously demonstrated to stain the periphery of
associated with the male pronucleus, whereas no microtu-
Drosophila syncytial nuclei (Riparbelli and Callaini, 1992).
bules or centrosomal material associated with the female
This antibody in fact stained the nuclear periphery of male
pronucleus were detected (Figs. 1d and 2a). Once the pronu-
and female pronuclei before and after they were apposed to
clei were side by side, the microtubular array was still asso-
each other. Once the pronuclei were juxtapposed two brightly
ciated with the male pronucleus and centrosome separation
unequal rings were recognized by the antibody used in this
seemed already to be in progress, so that two distinct asters
study (Fig. 4a). By following pronuclear behavior starting from
could be seen (Fig. 2b).
completion of meiosis until the pronuclei were touching, we
As chromatin underwent condensation, a bipolar array of
found that the smaller ring corresponded to the nuclear enve-
microtubules extended from two widely separated organiz-
lope associated with the male pronucleus.
ing centers. Astral microtubules dramatically shortened and
As chromatin underwent condensation the nuclei in-
some of them extended between the opposite foci, leaving
creased in size and two ovoidal structures of similar size,
a dark area in the midzone (Fig. 2c). As prophase progressed
closely apposed along their long axis, were recognized (Fig.
the centrosomes were found at the junction between the
4b). The male and female chromatin showed a different degree
pronuclei that showed asymmetric chromatin condensation
of condensation, even if the nuclei were juxtapposed in a
(not shown). At the end of prophase two separate groups of
common cytoplasmic domain (Fig. 4c). As soon as stretched
stretched chromosomes were seen beside the spindle plane
chromosomes were visible the parental nuclear envelopes
(Fig. 2d). Astral microtubules were short and a straight bun-
elongated further (Fig. 4d), and when the chromosomes coiled
dle of spindle microtubules joined the opposite spindle poles
the nuclear envelopes became barrel shaped and tightly ap-
(Fig. 2d). The growth of the spindle microtubules resulted
posed to each other along their main axis (Fig. 4e). At the end
at prometaphase in a mitotic apparatus with two groups of
of metaphase, two distinct nuclear envelopes were no longer
coiled chromosomes in its equatorial region (Fig. 2e).
recognizable, and one ¯uorescent ovoidal envelope sur-
At the beginning of metaphase two discrete bundles of
rounded the parental complements (Fig. 4f). However, in 31 of
spindle microtubules, originating from common poles, held
the 48 metaphase spindles examined during late metaphase, a
the separate paternal complements (Fig. 3a). During late
feeble line was seen to cross the ¯uorescent envelope (Fig.
metaphase the twin bundles of spindle microtubules were
4f), as if a diaphragm-like structure existed. This feeble longi-
no longer visible and the parental complements were so
tudinal line was also visible in 41 of the 59 anaphase ®gures
close to each other that their spatial separation was not
examined, when the migrating chromatids were held in an
apparent (Fig. 3b). Sister chromatids were still joined in the
elongated envelope (Fig. 4g). We cannot exclude that this lon-
equatorial region of the spindle (Fig. 3b, inset). Centrosome
gitudinal structure may have been present in all the meta-
shape was unchanged from prophase to metaphase, and two
phase and anaphase spindles observed, since the high back-
opposite spots were seen with the Rb188 antibody at the
ground made observation dif®cult.
spindle poles (Figs. 2c±3b).
When chromosomes decondensed at telophase to form
At the beginning of anaphase, the asters increased in size
daughter nuclei, the elongated nuclear envelope trans-
and the spindle slightly elongated. In 46 of the 61 anaphase
formed into two widely separated rings (Fig. 4h).
A examined, the parental migrating sister chromatids left
By comparing the state of chromatin and the disposition
the metaphase plate as separate groups in each half spindle
of chromosomes in embryos stained for nuclear envelope
(Fig. 3c). Due to the orientation of the spindle plane, the
and microtubules, the nuclear envelope behavior would be
separation between parental chromosomes was not appar-
paralleled to the spindle dynamics. Figures 4a, 4b, and 4d±
ent in all anaphases scored.
4h are therefore probably at the same stage as Figs. 2b±2d
At the end of anaphase, the astral microtubules grew fur-
and 3a, 3b, 3d, and 3e, respectively.
ther and the centrosomes at the spindle poles expanded and
duplicated (Fig 3d). Parental complements were no longer
The Case of Polyspermydistinguishable as separate groups (Fig. 3d).
Telophase spindles were characterized by a prominent To determine the effects of multiple paternal contribu-
tion we also examined polyspermic eggs.midbody and by large asters, each containing two widely
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FIG. 2. Triple-labeled immuno¯uorescence detection of microtubules (MTs), centrosomes (CEN), and DNA during Drosophila fertiliza-
tion and ®rst mitosis. (a) Before the parental pronuclei are touching a well-developed radial array of microtubules is associated with the
male pronucleus, whereas no microtubules are detected in association with the female pronucleus. (b) At the time of pronuclear apposition
the distance between the centrosomes increases and the aster associated with the male pronucleus expands. (c) At the beginning of
prophase the chromatin condenses and the centrosomes organize the bipolar apparatus. (d) At the end of prophase the chromosomes are
in two groups disposed symmetrically to the longitudinal axis of the forming spindle. (e) At prometaphase the mitotic spindle holds two
separated chromosome clusters in the equatorial region. Arrows point to centrosomes associated with the male pronucleus; m, male, f,
female pronucleus. Bar, 10 mm.
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FIG. 3. Triple-labeled immuno¯uorescence detection of microtubules (MTs), centrosomes (CEN), and DNA during Drosophila ®rst
mitosis. (a) At the beginning of metaphase the mitotic apparatus consists of two bundles of spindle microtubules originating from common
poles. The chromosome clusters are more compact. (b) At the end of metaphase the separated bundles of spindle microtubules are no
longer visible and the chromosomes are aligned in a transverse plate. The chromatids are still joined together (arrows in inset). (c) During
anaphase A the astral microtubules elongate and the chromatids start to move toward the poles of the spindle. Note the separate groups
of moving chromatids in each half spindle (arrows). This image illustrates 75% of the anaphase A scored. (d) At anaphase B the centrosome
duplicates and the asters increase in size; no separation is visible between the chromatid clusters. (e) By telophase the astral microtubules
are prominent and the chromosomes decondense to form daughter nuclei. The image illustrates 27% of the telophase spindles scored:
the centrosome pairs are orientated asymmetrically with respect to the spindle axis. Bar, 10 mm in all panels and 4 mm in the inset.
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FIG. 4. Drosophila eggs double stained for nuclear envelope components (Ne) and DNA during pronuclear fusion and ®rst mitosis. (a)
Apposition of male (m) and female (f) pronuclei. (b) Early prophase. (c) Late prophase. (d) Prometaphase. (e) Early metaphase. (f) Late
metaphase. (g) Anaphase B. (h) Telophase. Note the thin line that bisects the nuclear envelope during metaphase and anaphase (arrows).
Bar, 10 mm.
Eleven of the 1094 zygotes examined by staining for tu- In eight others, two asynchronous spindles were observed
during the ®rst mitosis in addition to polar bodies in thebulin, centrosomal material, and DNA were dispermic. In
3 of the 11 dispermic zygotes, the female meiosis was still same cytoplasm. Figure 5c shows an example of these dis-
permic zygotes, where an anaphase A spindle is seen to-in progress (Figs. 5a and 5b). An aster was typically associ-
ated with each of the two male pronuclei, in addition to gether with a telophase spindle. The anaphase spindle has
duplicated poles and a haploid complement of newly sepa-the monaster observed between the two tandemly aligned
spindles that formed the female meiotic apparatus (Figs. rated chromatids (Fig. 5d, inset).
Three of the 325 zygotes stained for nuclear envelope and5a and 5b).
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FIG. 5. Dispermic Drosophila eggs stained for microtubules (a, c, d), DNA (b, f, inset in d), and nuclear envelope components (e). (a, b)
Detail of an oocyte before completion of meiosis II. One microtubule aster (arrows) is associated with each sperm head (arrowheads). The
anaphase II spindles contain four haploid complements (a, b, top right). (c) Dispermic egg at the end of the ®rst mitosis showing anaphase
(arrowhead) and telophase (arrow) spindles in the same cytoplasm; empty arrow indicates the polar body. (d) Detail of an anaphase spindle
in a dispermic egg such as that shown in (c). This spindle has duplicated poles and holds the haploid complement of the extra male
pronucleus (d, inset). Detail of a dispermic egg during prometaphase of the ®rst mitosis showing that a distinct nuclear envelope (e)
surrounds each groups of haploid complements provided by the male and female pronuclei (f). The nuclear envelopes of parental comple-
ments are juxtapposed (arrows), whereas the isolated nuclear envelope corresponds to the extra male complement (arrowhead). Bar, 20
mm in a±c and 10 mm in d±f.
DNA were dispermic. Two eggs still had two condensed 1950) and provide information on the organization of the
®rst mitotic spindle. We observed that male and femalesperm heads (not shown). The other egg, in addition to the
chromosome complements separately congress at the equa-polar body chromosomes, had three haploid chromosomal
torial plane of the mitotic spindle, but at the end of meta-complements each surrounded by a barrel-shaped nuclear
phase the haploid genomes were so close to each other thatenvelope (Figs. 5e and 5f). Two of the chromosome comple-
they could not be recognized as distinct groups. However,ments were coupled and the surrounding nuclear envelopes
in 75% of the anaphases A scored during the ®rst mitosis,were closely apposed to each other, as was typical during
two separate groups of chromatids migrated toward theprometaphase±early metaphase of the ®rst mitotic division.
poles of each half spindle. In the remaining anaphase spin-Paired complements were paternal and maternal comple-
dles the disposition of the chromatids was dif®cult to deter-ments, whereas the isolated haploid complement was de-
mine, due to the orientation of the spindle plane, and therived by the supernumerary sperm nucleus.
parental complements may also have be separate in these
spindles. The observation that sister chromatids migrate in
separate groups, despite the fact that their motion is driven
DISCUSSION by a single spindle, is further supported by the fate of the
nuclear envelope of the male and female pronuclei. We in-
Our ¯uorescent microscopy data con®rm earlier reports cubated fertilized eggs with an antibody that had been
suggesting that during Drosophila fertilization the paternal shown to stain the nuclear periphery of Drosophila syncy-
and maternal chromosome complements go into the ®rst tial embryos (Riparbelli and Callaini, 1992) in order to fol-
low the dynamics of the pronuclear envelopes during fertil-cleavage as separate groups (Huettner, 1924; Sonnenblick,
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ization. From prophase this antibody revealed that parental tion that an aster is associated with each sperm nucleus
and that extra male pronuclei can organize bipolar spindlescomplements were surrounded by two separate nuclear en-
velopes that elongated gradually to form two parallel barrel without the female pronucleus is consistent with a model
in which each sperm contributes elements to build, togethershaped structures. As the ®rst mitosis progressed, one bright
envelope, bisected by a thin line, perhaps the periphery of a with maternal components, a functional centrosome with
reproductive properties (Holy and Schatten 1991; Archerdiaphragm-like structure, was seen in 64% of the metaphase
and 69% of the anaphase spindles scored. This observation and Solomon, 1994; Felix et al., 1994; Stearns and Kirschner,
1994; Schatten, 1994). The importance of inherited spermraises questions on the possibility that the nuclear mem-
branes surrounding the haploid genomes fuse along their components in the assembly of a fully competent zygotic
centrosome is further supported by the ®nding that acti-contact zone, or are very close together. The reduced stain-
ing of the nuclear envelope in the contact area probably vated fertilized or unfertilized Drosophila eggs contain a
maternal pool of centrosomal material able to nucleateindicates the progressive fragmentation of these mem-
branes, that still persist throughout anaphase to prevent monastral arrays of microtubules, but unable to duplicate
to form bipolar spindles (Riparbelli and Callaini, 1996).mixing of parental chromosomes until telophase. In 36%
of metaphase and 31% of anaphase spindles we only found Since the completion of fertilization occurs with the union
of the parental genomes, this process is not accomplishedthe peripheral ¯uorescent envelope, since the high back-
ground prevented good resolution of internal structure and in Drosophila until male and female chromosomes mix at
the poles of the ®rst telophase spindle, even if parental com-any thin line crossing the nuclear periphery may well have
been missed. The persistence of nuclear envelope compo- plements congress at the metaphase plate of the same mi-
totic spindle. This is at variance with most other organisms,nents around the pronuclei indicated that the nuclear enve-
lope dynamics during the ®rst mitosis did not differed sub- in which both pronuclear fusion and chromosome mingling
occur during metaphase of the ®rst division.stantially from that observed during the further syncytial
mitoses (Callaini and Riparbelli, 1991). Since the nuclear
envelope never disappears during the syncytial mitoses
(Stafstrom and Staehelin, 1984), a different control mecha- ACKNOWLEDGMENTS
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